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ABSTRACT
The United States built their first offshore wind farm off the coast of Block
Island, Rhode Island officially breaking into the wind energy movement. Future
offshore wind development will utilize both fixed and floating structures that need to be
anchored to the seabed. These foundations/anchors can be subjected to large uplift loads.
Driven piles have been a conventional option but present challenges due to pile driving
noise and cyclic degradation. One alternative under consideration is groups of helical
anchors, which can be “silently” screwed into the ground. They are also more efficient
than driven piles because the resistance is in bearing rather than friction. While cost
effective, the use of helical pile groups raises questions about the size of the foundation
footprint, how densely the piles can be installed and the effect of installing a pile next
to already installed piles. The current recommended spacing for helical pile groups is
that the piles be spaced at 5 times the diameter of the helix (5B) or greater to avoid
overlapping stress zones. However, due to the limited area that piles can be installed
and the required vertical capacity, the piles may have to be spaced less than 5B. There
are limited data on the group effects of closely spaced helical piles. The objective of this
study is to investigate soil-structure interaction and group efficiencies for helical piles
with spacing at or below 5B in sands. The objectives were achieved by performing a
field test on single helical piles and groups of helical piles; targeted different soil
densities, group sizes and pile-to-pile spacing. A parametric finite-element model study
was also completed targeting single helical piles and groups of helical piles; targeting
different soil densities, different rigidity indexes, different group sizes and different
pile-to-pile spacing. The field test results indicate that group efficiencies increase as the
pile spacing decreases and as the group size increase. Thus suggesting that the

installation of the piles in a group improved (i.e. densified) the surrounding soil and
helped to counteract the overlapping stress zones. The results of the parametric finiteelement model results displayed a decrease in group efficiency as the pile spacing
decreased. There was also a decrease in efficiency with the increase of group size. Both
of these trends were due to the increase in overlap of the stress zones. Higher rigidity
indices resulted in a decrease in group efficiency. The vertical loading and displacement
disturbed the soil above. The FE modeling was not conducted as a direct comparison to
the field test and opposite trends in group efficiencies were seen between the two test
setups. This indicates that the soil disturbance during pile installation could play a large
role in the failure mechanism and are not accounted for in the “wished in place”
modeling configuration.
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CHAPTER 1: INTRODUCTION
1.1 Background
The offshore wind industry has a large presence in Europe and is just emerging in
the United States. The first installation was in Rhode Island just off the coast of Block
Island. Five 6-Megawatts wind turbines were installed and are performing well. Block
Island is now fueled off the energy collected by the turbines. Due to this success and the
push for renewable energy, two additional sites have already begun the geotechnical
investigation phase off the coast of Massachusetts and Maryland. The current design is
targeting the “transitional water depth jacket quadropod/tripod” as pictured in Figure 1
below. This design was used for the Block Island wind farm. In addition to this, there is a
more traditional approach of monopiles on the Atlantic Ocean since the continental shelf
is vast and relatively shallow in terms of ocean depth. With these designs already plausible,
the target of future design research is the “ballast stabilized spare with catenary moorings,”
and to increase the size of turbines that can be supported by such a foundation system. This
design would allow for the placement to be significantly further from the shore in the
Atlantic and introduce the possibility for use on the Pacific coast. Due to the design
benefits, there will be research on an economical design that will properly support that
large loads that the system would impose on the foundation. The design would also target
a larger turbine with at least a 10-Megawatts design goal, yet striving to go even larger
since GE has already released their 12-Megawatt turbine to the market.
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Figure 1. Various offshore wind turbine foundation types (Schneider and Senders, 2010).
Both the fixed and floating structures will impose large vertical and horizontal loads
on the foundation system. One of the only available solutions that can accommodate these
loads are driven pipe piles. Installing the piles by driving creates sound waves below the
water that can adversely impact marine mammals, particularly the Right Whale in the U.S.
Atlantic Coast. In addition, pile driving causes friction fatigue, which reduces the frictional
capacity on the sides of the pile as it is installed (e.g., White et al. 2005). The piles are also
exposed to cyclic degradation during service loading (e..g., Jardine and Standing 2012).
One major driving factor to the development of offshore renewable energy is the
initial capital cost of the infrastructure. The foundation system can account of up to 30%
of this cost. Byrne and Houlsby (2015) and other notable researchers have proposed the
use of helical piles for fixed bottom structures, since that is what is being installed
currently. However, it is proposed that helical piles can also be used as anchors for floating
offshore wind platforms. Possible benefits could include the reduction of friction fatigue
and installation noise because the anchors are not driven, and very efficient axial pullout
resistance due to bearing on the helix plate, which is more efficient than friction.
2

1.2 Statement of the Problem
Helical piles and anchors are currently being proposed as an alternative foundation
for offshore renewable energy structures. A design option would be to use cost-effective,
pre-manufactured helical piles on the market in large pile groups. The current
recommended spacing for helical pile groups is a center-to-center measurement of five
times the diameter of the helix (5B) or greater to avoid overlapping stress zones. Due to
possible physical constraints on the size of the foundation, it may be required that piles be
spaced at less than 5B to meet the vertical loading requirements. Currently, there is limited
published data on group efficiencies of deeply embedded helical anchors in sand. This data
is required for the future design of pile groups as a foundation system for offshore wind
applications.
1.3 Objectives and Research Approach
The objective of this thesis is to investigate the soil-structure interaction between
‘deep’ helical piles within a pile group and how the interaction affects capacity.
To approach this problem, both a field study and a parametric finite-element study
were completed. Both addressed the various factors that affect the capacity of a helical pile;
soil density, embedment depth, pile spacing, and group size. The end goal was to determine
which factors will affect the capacity of a group and what the group efficiency factor would
be depending on the situational factors.
Chapter 2 introduces the background of all relevant topics to the study ranging from
the Mohr-Coulomb failure criterion to background of finite-element modeling. Chapter 3
discusses the design approach, implementation, results and findings of the field tests.
Chapter 4 discusses the design approach, implementation, results and findings of the
3

parametric finite-element modeling. Chapter 5 and 6 detail the interpretations of the data
collected in the field and in the modeling study and provided conclusions of the study.
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CHAPTER 2: REVIEW OF THE LITERATURE
This chapter presents a review of the literature immediately relevant to the study.
Generic information on helical piles, single helical pile pullout load, group helical pile
pullout load and finite element (FE) modeling are detailed below. There is also a review of
previous studies focused on helical piles groups and FE modeling of helical piles.
2.1 Helical Piles
A helical pile or anchor, shown in Figure 2, consists of a shaft with single or
multiple helices attached near the bottom of the shaft. On shore they are installed by being
rotated into the ground either using a hydraulic torque motor attached to the appropriate
heavy machinery. The installation torque that is needed is dependent on the size and
number of helices and the resistance of the soil, and the installation tool must be sized
accordingly.

Figure 2. Typical helical pile in plan view (Perko, 2009).
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A helical pile has to be designed to handle the lateral and horizontal loads from the
structure and in these ways similar to traditional piles. First, a site investigation is
performed to identify the soil types and soil properties. Using these and the required loads
that the pile or piles have to hold, of the design involves selecting the pile lengths, pile
diameter and shape, helix diameter, number of helixes, and various other factors. The
design differs in that helixes can be added or increased in size to increase the axial or
pullout capacity of the pile easily without having to add additional piles or increase the size
of the piles. This design aspect can be economically beneficial when properly capitalized
upon.
2.2 Modes of Failure
The geotechnical failure mode of a helical pile depends on the embedment ratio,
defined as the ratio of the embedment depth of the helix to diameter of the helix. When the
embedment ratio is less than about 5 to 10, when pulled out a shallow wedge forms with a
failure plane that starts at the edge of the helix and extends outward and upward toward the
ground surface (Figure 3). However, if the helix is ‘deep’ then the soil starts to deform and
flow locally around the plate (Figure 4 left).

Figure 3. General wedge failure as a result of a ‘shallow’ helical pile (Perko, 2009).
6

Figure 4. Local failure as a result of a ‘deep’ helical pile: (a) local failure that occurs
around each helix when the helixes are spaced without overlapping stress zones; and (b)
local failure as a whole unit due to overlapping stress zones (Perko 2009).
2.3 Pullout Capacity of Single Piles
The single pile pullout capacity is a function of bearing area and skin friction.
Depending on the spacing of the helixes, the components change slightly. As seen in Figure
5 the pull out can be a function of the single bearing area of the plugged pile, the friction
of the moving soil mass around the pile and the skin friction between the pile and the soil
above the large soil mass. As seen on the right, the pullout capacity is the sum of the three
bearing areas assuming that the soil will not stick and create a block around the pile. The
skin friction down the length of the pile could also be considered above the top helix. Since
the focus of the study will be on deep anchors, the common practice is to space the helixes
far enough apart so that the soil movement does not interact with neighboring helix as seen
in Figure 5 (b). The accepted spacing to achieve this type of failure is typically at least 3
times the diameter of the helix. Thus the pullout capacity of the helical pile in sand would
be calculated as (Perko 2009):
𝑄 =∑ 𝑞

𝐴 + 𝛼𝐻
7

(𝜋𝑑)

(1)

where qult is the ultimate bearing pressure, An is the area of the nth helical bearing plate, 
is adhesion between the soil and the shaft, Heff is the length of shaft above the top helix,
and d is diameter of the pile shaft. The first half of the equation is the bearing on the plate
and the second half is the shaft resistance.

Figure 5. Theoretical pullout capacity of singular helical pile (Perko, 2009).
The bearing capacity of a helical pile references the ultimate bearing pressure on a
single plate, qult. The bearing capacity of the single helical pile defined by Terzaghi
(1943) is:
𝑞

= 1.3𝑐𝑁 + 𝑞 𝑁 + 0.3𝛾𝐵𝑁

(2)

where c is cohesion, q’ is effective overburden stress at the bearing depth,  is soil unit
weight, B is width of the bearing element and Nc, Nq and N are bearing capacity factors.
The three bearing capacity factors are determined based off a chart that is dependent on the
internal angle of friction of the soil that was also derived by Terzaghi (1943).
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2.4. Pullout Capacity of Pile Groups
Theoretically, the pullout capacity of a group of helical anchors would be the
capacity of a single pile multiplied by the number of piles in the group. However, due to
the stress zones that originate from the helix it is likely that there will be overlapping
stress zones from adjacent plates. Mittal and Mukherjee (2013) performed laboratory load
tests that suggested that the overlapping stress zones in a pile group bring the soil to
failure quicker and present with a group efficiency less than 100%. However, some
evidence (Ghaly and Hanna 1994) suggests the additional stress will strengthen the soil
similar to compaction and thus the group efficiency would be over 100% in dense sands
while confirming that in loose to medium sands that the group efficiency would be less
than 100%. General practice is to calculate the failure of the group both as a ‘block’ and
as individual piles and select the lower value. The ultimate capacity of the group as a
‘block’ failure is (Perko 2009):
𝑄

=𝑞

(𝑚 )(𝑚 ) + 2𝑇𝑠(𝑛 − 1)(𝑚 + 𝑚 )

(3)

where Qug = ultimate pullout capacity of the group, qult = ultimate bearing pressure, T is
the soil shear strength, s is the spacing of the helical bearing plates along the length of the
shaft, n is the number of helical bearing plates per pile, and m 1 and m2 are the width and
breadth of the pile group in plan view. The ultimate capacity of the group considered as
single pile failures is then:
𝑄

= 𝜂𝑁𝑄

(4)

where  is group efficiency, N is the number of piles and Qu = the capacity of an
individual piles. The efficiency factor is dependent on the spacing, depth, diameter, soil
type and properties. Based on these conditions there are recommended values for . The
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ultimate capacity of the group is considered the minimum value between equations 3 and
4. Group efficiency factor is defined as:
𝜂=

(5)

where Qug is the group capacity, N is the number of piles and Qu is the capacity of a
single pile in the same soil conditions but not within a group. This group efficiency is
relevant to be able to accurately design pile groups in practice. Report AC358 of ICCEvaluation Service, Inc. (2007) recommends that a minimum on-center spacing of 4
helical bearing plate diameters should be used to avoid group effects resulting in a group
capacity equal to the capacity of each pile multiplied by the number of piles. Perko
(2009) recommends trying to achieve a group efficiency of 1 using the minimum spacing
or downgrading the group capacity if the spacing cannot be altered. He also states that is
is not possible to have an efficiency factor greater than 1. However, Ghaly and Hanna
(1994) laboratory testing indicates that group efficiencies may be able to surpass a group
efficiency of 100%.

Figure 6. Group pullout capacity of helical piles (Perko, 2009).
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There have only been a few studies that have focused on the pullout capacity of
helical anchor groups. Ghaly and Hanna (1994) investigated a variety of factors with
helical pile groups. In the study, various small-scale piles and pile groups were tested in
the laboratory at 1g acceleration. Their study varied pile depth, soil strength, pile group
orientation, and pile-to-pile spacing. This study looked at what would be considered both
‘shallow’ and ‘deep’ anchors. The study made conclusions about the effects the various
factors had on the efficiency of the group. It indicates that for loose to medium dense sand
that the group efficiency could not reach or exceed 1. However, in dense sand the group
efficiencies reached and exceeded 1 contradictory to other research. The tests also showed
that loose and medium dense sands display a trend of increased efficiencies with increased
pile spacing. The trend for dense sand at shallow embedment is the same; increased
efficiency with increased spacing. The trend for dense sand at transitional embedment is
pile spacing has little to no effect on the efficiency, as it remains constant. Lastly, dens
sands at deep embedment saw a decrease in efficiency with an increase in pile spacing.
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Figure 7. Efficiency trends observed in Ghaly and Hanna (1994) laboratory testing for
embedment ratios of 4, 8, 12 and 16.
Another study completed by Mittal and Mukherjee (2013) looked at singular and
groups of anchor, singular helix and multiple, and various height to helix diameter ratios.
Again like the previous test, this test was completed on a reduced scale in a laboratory.
This study also focused heavily on piles with ‘shallow’ embedment depths. The goal of the
paper was to determine equations through empirical correlation for design use, not
necessarily to highlight trends in the group efficiencies.
Lastly a study completed by Zhang et al. (2018) completed a study on uplift
behavior of group helical anchors in sand. The focus of the study was the failure mode in
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the sand itself, using cameras to track the movement of the sand as the anchors were pulled
out. While this study looked more at the failure modes, it was confirmed that ‘deeper’
anchors influence area does not reach the ground surface.
2.5 Finite Element Modeling
There are highly complicated mechanics that are difficult to understand and solve.
To solve such problems, they are divided into multiple pieces or “elements.” There are two
types of situations; discrete and continuous. Discrete problems have a finite number of
well-defined components. Discrete problems can easily be solved with a computer despite
the size of the problem. Continuous problems are continued indefinitely and are define
using the mathematical fiction of an infinitesimal. To solve a continuous problem, the
problem itself is discretized. This process approximates the true answer, with the answer
approaching the true solution as the number of discrete variables increases. Engineers have
approached discretization of a problem by “creating an analogy between real discrete
elements and finite portions of a continuum domain” (Zienkiewicz et al., 2013). This
analogy is the basis of finite element modeling. Finite element models are “a general
discretization procedure of continuum mechanics problems posed by mathematically
defined statements” (Zienkiewicz et al., 2013).
To discuss the idea of a discrete system, one would consider a structural
engineering problem with linear elastic behavior. The structure is broken into elements.
The connections between elements are nodes. At the nodal points, there are displacements,
possible loads and initial strain that could be due to temperature, shrinkage or initial issues
with fitting. The structure and isolated element within the structure can be seen pictured
below.
13

Figure 8. Typical structural system and element (1) (Zienkiewicz et al., 2013).
Looking at element (1), there are three nodes that would have resulting forces and
displacements. The forces and displacements would be expressed as a matrix including the
effects on all of the nodes. Listing the forces that act on the nodes of element (1) as a matrix
there is:
𝑟
𝑟 = 𝑟
𝑟

;

𝑟 =

𝑈
𝑉

(6)

and the displacements at the nodes as a matrix would be:
𝑢
𝑢 = 𝑢
𝑢

𝑢
𝑢 = 𝑣

;

(7)

Then when you assume the linear elastic behavior of the material in the problem, the
following relationship is formed:
𝑟 =𝐾 𝑢 −𝑓

(8)

where r1 is forces acting on the nodes, K1 is a portion of the stiffness matrix, u1 is the
displacement of the nodes and f1 is the nodal forces required to balance any point or
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distributed loads on the element. This is completed for each of the elements in the structural
system (Zienkiewicz et al., 2013).
To obtain the system solution, the displacement compatibility and equilibrium have
to be satisfied throughout the system for all of the elements. To complete this, the
equilibrium condition at the nodes must be calculated. All the forces at a node a are
considered to give the equation:
∑

(9)

𝑟 =𝑟 +𝑟 +⋯= 0

where ra1 is the force on node a from element (1) and ra2 is the force on node a from element
(2) and so on. Substituting the forces on node a from the definition in equation (9) gives
the following equation:
(∑

𝐾 ) 𝑢 + (∑

𝐾 )𝑢 + ⋯− ∑

𝑓 =0

(10)

which only considers the forces contributing to node a. If all of the equation in the above
are summed for all of the nodes the equation would simply be:
𝐾𝑢 − 𝑓 = 0

(11)

This summation of forces is convenient. Once a coefficient for an element in the structure
is determined, it is placed into its appropriate ‘location’ within the matrix by the computer
algorithm.
The elemental forces and nodal force equilibriums have been addressed. The
remaining part of the problem is the boundary conditions. Once the support conditions are
substituted into the equation, the system of equations can be solved. For example, using
the above figure, the displacing of node 1 and node 6 are zero. Thus the following boundary
condition is set
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𝑢 =𝑢 =

0
0

(12)

thus reducing the number of equilibrium equations by removing the first and last pair. This
results in a reduction of the total number of unknowns in the problem and allowing for the
solution through the use of a system of equations. This method is the basis of the various
finite-element model approaches.
There are many different approaches that finite element software interfaces take to
model the problems at hand. They include Total Lagrangian (TL), Updated Lagrangian
(UL), Eulerian, Arbitrary Lagrangian-Eulerian (ALE) and efficient Arbitrary-LagrangianEulerian (EALE) approaches. PLAXIS 3D, being one of the simpler FE modeling software
interfaces, allows for the use of TL or UL approaches to solve the model setups created.
In general, the Lagrangian approach, has individual nodes of the FE mesh attached
to the material particle in the body in question during the loading and deformation. These
elements attached to the material deform with the material. As the material, as associated
nodes, are deformed, the state variables are tracked as they change. The state variables
include, but are not limited to, displacement, force, stress, and strain. The largest two
disadvantages to the Lagrangian approach is the deformation of the elements that occur
when there are large strains in the soil body during the loading or displacement and that
the computations can be time consuming.
The Lagrangian approach utilizes tetrahedral elements. Tetrahedral elements were
created to solve three-dimensional problems. The most simplistic form has four nodes
(linear), but there are also 10-node (quadratic) and 20-node tetrahedral models
(polynomial). Tetrahedral elements are “complete polynomials in three coordinates are
achieved at each stage. Finally, no surplus terms in the polynomial occur” (Zienkiewicz et
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al., 2013). According to Zienkiewicz et al. (2013) the shape function for a four-node
tetrahedral element is given by
𝑁 (𝑥, 𝑦, 𝑧) =

(𝑎 + 𝑏 𝑥 + 𝑐 𝑦 + 𝑑 𝑧),

𝑎 = 1, 2, 3, 4

(13)

The shape function of a higher order tetrahedral, such as those with 10 and 20 nodes, is
derived by establishing the appropriate Lagrange-type formula. The resultant shape
function is
𝑁 = 𝑙 (𝐿 )𝑙 (𝐿 )𝑙 (𝐿 )𝑙 (𝐿 ) 𝑤𝑖𝑡ℎ 𝐼 + 𝐽 + 𝐾 + 𝐿 = 𝑀

(14)

where M is the order of the tetrahedron. In terms of a 10-node tetrahedral, the resulting
shape functions for the corner nodes are
𝑁 = 𝐿 (2𝐿 − 1), 𝑎 = 1, 2, 3, 4
and the following shape functions for the mid-edge nodes
𝑁 = 4𝐿 𝐿 ,

𝑁 = 4𝐿 𝐿 ,

𝑁 = 4𝐿 𝐿

𝑁 = 4𝐿 𝐿 ,

𝑁 = 4𝐿 𝐿 ,

𝑁

= 4𝐿 𝐿

The two approaches, Total Lagrangian (TL) and Updated Lagrangian (UL), tackle
the computations with the same methodology but distinct differences in the reference state
of body. The TL approach reference state of body is taken at time zero. This means all of
the variables in a TL calculation are related to a time zero configuration. Due to this feature,
the use of a TL model is only suitable in situations that do not present a high strain situation.
The UL approach reference state of body is updated geometry. This means that the
variables such as strain, velocity, stress, etc, are related to the updated and deformed
configuration of elements. Due to this, the use of the UL approach is commonly utilized
when dealing with situations of large displacements and large strains (Hu & Randolph,
1998).
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Since the UL utilizing the updated deformed element configuration, the
configuration of elements is updated with each strain increment. As the strains get
increasingly large, the FE mesh increasingly displaces, distorts and elements become
entangled. Consequences of the updated FE mesh distorting and entanglement include the
termination of the calculation or the results becoming inaccurate. The distortion of the
mesh can be overcome with the proper remeshing or mesh rezoning techniques (Cheng &
Kikuchi, 1986; Rout et al., 2017).
In relation to the uplift capacity of helical anchors in sand that is targeted in this
research, the use of Lagrangian FE approach analysis when large deformations are
necessary to reach failure can be problematic. The Lagrangian approach also fails to
consider the changes in geometry of the elements that might occur as the plate anchor
moves upwards.
2.6 Mohr-Coulomb Constitutive Model
The Mohr-Coulomb Constitutive Model (MCM) for soil behavior is one of the most
common and widely accepted in geotechnical engineering, especially when it comes to
cohesionless soils. The model is elastic, perfectly plastic. The model combines the use of
Hooke’s law and Coulomb’s failure criterion (Brinkgreve, 2005). MCM assumes that the
soil behaves in a linear elastic fashion until it yields. Hooke’s law addresses the elastic
section of the curve based on the parameters of Young’s modulus E and Poisson’s ratio .
Once the yield point is reached, the soil will see no change in the stress. This is depicted in
Figure 9.
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Figure 9. Typical linear elastic, perfectly plastic behavior curve of dense soil (Al
Hakeem and Aubeny, 2019).
Yielding is the point at which the material behavior switches from elastic to plastic.
Yielding is a function of the normal and shear stresses in the material. To understand the
Mohr-Coulomb model, the stresses acting on a point are looked at. The yielding point is a
function of the following components:
𝜎
𝜏
𝑇=
𝜏

𝜏
𝜎
𝜏

𝜏
𝜏
𝜎

(15)

Yielding occurs when the function equals the constant T. Figure 10 displays the visual
representation of this case.

Figure 10. Stress on an element.
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The yielding point can be simplified by looking at a case where no shear stress exists. The
resultant is the principal stresses. In a coordinate system where the coordinate directions
are parallel to the principal direction, the stress matrix would be:
𝜎
𝜎= 0
0

0
𝜎
0

0
0
𝜎

(16)

The principal normal stresses are defined as the major principal stress (1), the
minor principal stress (3) and the intermediate principal stress (2). When looked at in
these terms 1  2  3. However, in many cases it is assumed that 2 = 3 due to the
axisymmetric conditions. It is also creates a two-dimensional problem, making it
significantly easier to solve. This assumption is also conservative, as it underestimates the
value of the average stress since it underestimates the value of 2. Then a slice of the twodimensional problem can be investigate with a diagonal cut at the defined angle (). This
slice is shown below in Figure 11(a). The corresponding Mohr circle to the stress state is
shown in Figure 11(b). Lastly, the stress state displaying 2 can be seen in Figure 11(c).
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Figure 11. The Mohr circle of stress: (a) element at equilibrium; (b) the Mohr circle; (c)
Mohr circles including 2 (Holtz et al., 2011).
The Coulomb failure criteria developed in 1773 is the most widely accepted
understanding of soil behavior at failure. Coulomb noted that the strength of a soil is due
to two main factors; cohesion and friction. He proposed that as long as both the shear stress,
, and normal stress, , reach the critical values indicated on the failure envelope, that the
soil had reached failure. Coulomb defined the failure envelope as
𝜏 = 𝑐 + 𝜎 tan 𝜙′

(17)

where  is shear stress on the physical plane, c is cohesion,  is normal stress on the
physical plane and ’ is the angle of internal friction. This definition has become widely
known as the Mohr-Coulomb envelope due to the hybrid of the two ideas. The typical
Mohr-Coulomb visual for the case 1  2  3 can be seen in Figure 12.
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Figure 12. The Coulomb failure criterion (Al Hakeem and Aubeny, 2019).
The MCM in PLAXIS 3D requires the input of basic soil parameters very familiar
to all geotechnical engineers. The input parameters include effective Young’s modulus,
effective Poisson’s ratio, effective stress cohesion, effective stress friction angle and
dilation angle. The other important feature is tension cut-off, where the default value of
tension allowed in calculation is zero.
2.7 Mohr-Coulomb Soil Parameters
The Mohr-Coulomb consists of five main soil parameters. They are Young’s
modulus E and Poisson’s ratio  from Hooke’s law. These parameters represent the elastic
range of soil behavior. The next two parameters are cohesion c and angle of internal friction
’ from Coulomb’s failure criterion. The last is the dilation angle  for the characterization
of a dilatant material. A dilatant material undergoes volumetric change during plastic
shearing that cannot be undone. The first four properties are addressed above, but the
determination of Young’s modulus and the concept of dilatancy require expansion.
The Young’s modulus E can be determined using a set constant rigidity index of
the soil. The rigidity index was first introduced as a parameter by Vesic (1965). The goal
of the parameter was to create a consistent and rational way to analyze general, local and
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punching shear modes experiences in bearing failure modes. Rigidity index is defined as
the ratio of shear modulus G to the initial shear strength S (Vesic 1972). Also presented in
Vesic (1972) is the normal range of rigidity index of 100 to 500 from a range of loose to
dense sands.
The concept of dilatancy refers to when a compacted granular material expands in
volume during shearing. When a loose material experiences shear forces, the particles
move to the side and slip into the slight void between the two opposing particles. This
results in a loss of volume and is known as contraction, as shown in Figure 13(a). When a
dense material experiences shearing, the particles move from the crevasse the two opposing
particles create to directly in-line with another particle. This movement creates an increase
in volume known as dilation, which is shown in Figure 13(b). The dilation angle  is a
parameter used to characterize the dilatant material and represents the average value of the
angle for the soil as a whole.

Figure 13. Sliding between particles within a soil mass (Al Hakeem, 2019).
This volume change behavior has an effect on the failure behavior of the soil.
Seen in Figure 14(a), soils A, B and C all have the same critical state friction angle
indicated on the shear stress versus shear strain graph. The dilation angle of A is higher
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than B which is higher than C. This variation of dilation angle results in a varying peak
friction angle and thus a varying peak strength.

(a)

(b)

Figure 14. Shear stress and volumetric strain against shear strain: (a) effect of dilation
on the peak strength of a soil; and (b) peak friction angle versus critical state friction
angle (Davison, 2000).
The dilation angle has an effect on the Mohr-Coulomb failure envelope as well.
This effect is critical since it increases the possible failure criteria for the soil. Figure 15
displays the effect of dilation angle on the failure envelope. The linear Coulomb failure
envelope is shown as well as the curved failure envelope due to dilatancy. Point C depicts
the point at which the effects of dilation are no longer seen, which is known as the critical
normal effective stress (n)crit. Due to the face that the dilation angle  initially has an
effect on the envelope but then the effects are no longer seen means that it is not a
fundamental soil property. However, the dilation angle can be a relevant parameter
depending on the initial state of the soil being tested or loaded.
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Figure 15. The effect of dilatancy on Coulomb’s failure envelope (Budhu, 2000).
2.8 Existing Finite Element Modeling of Helical Anchor Pullout in Sand
Finite element analyses have been used for modeling both shallow helical anchors
(e.g., Giampa et al., 2017) and deep helical anchors (Al Hakeem and Aubeny, 2019).
Typically the installation of a helical anchor disturbs the soil. However, FE analyses
involve the analysis of a circular plate that is “wished” into place. For example, Giampa et
al. (2017) gives a good example of using FEM software on a shallow helical anchor pullout
in sand. Figures 16 and 17 display different views of the analysis. Figure 16 shows the
numerical mesh as it becomes refined around a distinct failure plane as it evolves during
loading, while Figure 17 displays the shear strains and failure surface using a color scale.
These figures were created using OptumG2 Software, which is similar is use and
capabilities to Plaxis 3D.
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Figure 16. Adaptive Meshes Analysis Output for Helical Anchor in Sand in OptumG2
Software (Giampa et al. 2017).

Figure 17. Shear Strain Contours Analysis Output for Helical Anchor Pullout in Sand in
OptumG2 Software (Giampa et al. 2017).
The numerical analysis of the deep helical anchor problem will be a challenge
because it is a large deformation problem. In FE analysis large deformations can cause
excessive distortion of the mesh will can lead to numerical instabilities and errors. There
is a tool within Plaxis 3D called “updated mesh” which allows the distorted mesh to be
incrementally reset as the load is applied. This increases the computation time but will need
to be explored as part of this study. Other modeling “tricks” may be utilized to ensure that
the model results accurately represent the observed behavior of the system.
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There are limited number of studies completed on using finite-element modeling of
deeply embedded helical anchors in cohesionless soils. The most notable study was
completed by Al Hakeem and Aubeny (2019). This study addressed the monotonic drained
capacity of single, horizontally oriented, circular plate anchors that had a vertical load
passing directly through the center on the anchor. Due to the axisymmetric nature of the
test, they utilized a two-dimensional analysis.

Figure 18. Schematic of anchor tested in Al Hakeem and Aubeny (2019) study.
The study focused on the dimensionless breakout factor that was a result of the
observed load. The dimensionless breakout factor Nq is defined in their paper as:
𝑁 =

(18)

where Qult is the ultimate load (force) capacity, A is the area of the plate and ’z is the
effective vertical overburden stress. They considered (1) the strength of the soil based on
the angle of internal friction ’, (2) the post-yield volume change behavior define by the
dilation angle , and (3) the elastic behavior of the soil in terms of the rigidity index Ir.
Al Hakeem and Aubeny (2019) presents (1) the influence of embedment depth z/D
and soil parameters ’, , and Ir on the breakout factor; (2) an empirical function for the
breakout factor Nq(’, , Ir); and (3) the use of existing correlations of the relevant soil
parameters to confining stress and relative density - ’(’c, Dr), (’c, Dr), Ir(’c, Dr) - to
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develop relationship for the breakout factor as a function of relative density, unit weight,
and depth Nq(Dr, ’, z/D).
Their finite-element model used is well-defined in the paper. A “wished in place”
configuration of a circular plate anchor was considered and modeled in Abaqus/Explicit
finite-element analysis software. Due to the large strains experienced in the models, the
Arbitrary Lagrangian-Eulerian (ALE) technique was used to mitigate element distortion.
The soil was modeled using the Mohr-Coulomb constitutive model; a linearly
elastic-perfectly plastic model. The anchor plate was modeled using a rigid body. The
stiffness matric obtained by displacement-based finite-element models tends to
overestimate the actual stiffness, and so those effects were mitigated by using a reduced
integration formulation (i.e. linear elements). The boundaries of their model is displayed
in Figure 19(a) and were sufficiently large to diminish any effects the boundary conditions
would have on the loading. The mesh size in the area of the anchor was limited to
hmin=D/20, as displayed in Figure 19(b).

Figure 19. Finite-element model from Al Hakeem and Aubeny (2019): (a) boundary
constraints; and (b) mesh.
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Al Hakeem and Aubeny (2019) provides typical load-displacement curves for a
shallow anchor and a deep embedment anchor. Both analyses were completed with an
anchor diameter D =1 m and a thickness-diameter ratio t/D=0.1. Soil parameters in all cases
included a cohesion c = 0.05 kPa, Poisson’s ratio  = 0.3, an at-rest lateral earth pressure
coefficient K0 = 0.5, and soil unit weight  = 18 kN/m3. The soil-anchor interface was
modeled in terms of the Coulomb friction coefficient =tan’u, where ’u is the soil-anchor
interface friction angle. While ’u values depend on the interface characteristics and
relative movement between the anchor and the soil, the value typically range from 50% to
100% of the internal friction angle. For the purposes of the study, a value of ’u=0.5’ was
adopted. The typical curves with the designated values above can be seen in Figure 20. The
figure displays the differences in failure mechanisms between shallow and deep
embedment. The shallow embedment displays general failure trends where there is a direct
and clear peak capacity of the pile. The deep embedment displays a local failure trend
where there is no distinct maximum failure point as the anchor continuously moves upward
through the soil.
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Figure 20. Typical load-displacement curves for shallow and deep embedment (Al
Hakeem and Aubeny, 2019).
In reference to the goals of this thesis, this figure is the most relevant. Al Hakeem
and Aubeny validated their results against other studies before diving further into the
effects of the parameters they identified. This figure will provide for a good validation
model to ensure that the Plaxis 3D models are running within an acceptable range after
addressing and mitigating all of the challenges of modeling large-strains in finite-element
software.
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CHAPTER 3: FIELD LOAD TESTING

3.1 Site Conditions
The URI Allen Harbor Educational Facility in Davisville, North Kingstown, Rhode
Island was used for the testing of helical anchors in saturated sand. The site is located off
of Allen Harbor Road and is approximately 2 miles north of the Quonset State Airport.

Figure 21. Aerial View of Allen Harbor test site from northwest facing southeast (Keefe,
2020).
For previous URI studies, the site has been classified using both the traditional
Standard Penetration Test (SPT) obtained in geotechnical borings as well as more advanced
methods including the seismic Cone Penetration Test (SCPT). Within the area of interest
for this study was the boring URI-1 where a monitoring well for water level was installed.
There were also cone penetration tests SCPT19-02 and SCPT19-03 within the immediate
test area. The test area used in the study runs along the ling A-A’ seen in Figure 22. The
relevant data from the area of the site used can be found in the appendix.
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Figure 22. Site map displaying SPT and CPT investigation locations (Keefe, 2020).
Using the test points roughly along the Section A-A’, the subsurface profile of the
material and its density are well classified. The image below, drafted by fellow graduate
student Tim Keefe, displays the classification of the soil types with their approximate
location based on interpretation.

Figure 23. Interpreted subsurface soil profile based on SPT and CPT data along Section
A-A’ from Figure 22 (Keefe, 2020).
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As far as the in situ density of the soil profile, there is a top thin layer of very loose
to loose sand. Under the loose sand is loose to medium dense sand over medium dense
sand. For the purpose of the study on helical piles, two pile depths were utilized to target
areas with different densities. The 6-foot long helical piles were installed with the goal of
hitting the loose to medium dense layer of sand. The 9-foot long helical piles were installed
with the goal of being deeply embedded in the medium dense layer of sand.

Figure 24. Interpreted subsurface soil profile displaying the locations of test piles in
comparison to SPT and CPT test data.
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3.2 Test Pile Specifications
The piles that were installed have a 2.8-inch round shaft. The helical plate has a
diameter of 6 inches and a pitch of 3 inches. The tensile structural capacity of the anchor
was 14,000 pounds. The shafts were approximately 7 and 10 feet in length to allow for
installation that will place the helical at a depth of 6 feet and 9 feet. In terms of metric
measurements, the conversion from inches to centimeters would be 2.54 cm/in and the
conversion from feet to meters would be 0.3048 m/ft.

Figure 25. Specifications and example of the test piles.
3.3 Test Pile Installation Methodology
A small excavator on tracks was used to install the piles into the sand. A DIGG
hydraulic driver was attached to the arm of the excavator. The helical piles were attached
to the head with a pin and then spun into the ground as shown in Figure 26. A total of 37
piles were installed.
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Figure 26. Installation of singular helical pile at URI Allen Harbor site.
3.4 Custom Fabricated Test Equipment
To be able to properly test the piles, pile caps were designed by Triton Systems
with a structural capacity sufficient to pull the anchors out of the soil. The pile caps had a
hole in the top of the cap to attach them to the loading jack via threaded rod. The connection
of the pile cap to the pile was also rated for the require loads. Triton also designed a test
frame that attached to the multiple pile caps to test the pullout load capacity of the piles
groups. There were holes that allowed for the connection of the pile cap to the load frame.
Then there were holes in the frame that were for the threaded rod to be attached to a plate
that the load cell jack would push on to pull the pile group out.
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Figure 27. Pile cap designed by Triton Systems for single and group pile testing.

Figure 28. Test frame designed by Triton Systems for group pile testing.
3.5 Test Pile Locations and Embedment Depths
Since the purpose of these field tests are to estimate the efficiency of a pile within
a group, both single piles and pile groups were tested at the site. For the test 6-inch helical
plates were attached to piles. The depths of the plates were at 6-feet (H/B=12) and 9-feet
(H/B=18). The transition between shallow and deep failure has been proven to be around
H/B=5. In the figure below, you can see the layout of the helical piles tested in reference
to the SPT and SCPT testing.
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Figure 29. Helical pile installation layout.
3.6 Pile Installation Data
As the piles were being installed, the pile installation tool had a gauge that measured
the hydraulic pressure that was required to install the piles in units of pounds per square
inch. Using the proper conversion factor of 2.68, the hydraulic pressure was converted into
an estimated installation torque in terms of foot-pounds. These values were recorded since
there has been proven that there is correlation between installation torque and pullout
capacity of a helical pile. After collection of the data the hydraulic pressure was converted
into kilopascals and estimated installation torque was converted into kilonewton-meters.
Table 1. Pile installation metrics.
Pile
Number
1
2
3
4
5
6

Helical
Depth (m)
1.83

Group &
Spacing
Single

1.83

3x3 3B

Hydraulic
Pressure (kPa)
5000
4000
4000
4400
4000
3700
37

Installation
Torque (kN-m)
2.64
2.11
2.11
2.32
2.11
1.95

7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

1.83

3x3 2B

1.83

Single

1.83

2x2 2B

1.83

Single

2.74

2x2 2B

2.74

2x2 3B

2.74
1.83
2.74
2.74

Single
Single
Single
Single

4000
4482
4482
3103
4137
4275
3792
4826
5171
4964
4895
5378
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3.7 Load Test Setup and Procedure
The equipment for the pullout load tests included the traditional equipment such as
the pile, pile cap, threaded rod, load cells, beam, reference beam, LVDT and hydraulic
jack. The equipment also included specially designed equipment to be able to pull the group
of piles simultaneously. There was a fabricated frame that allowed for both 2x2 and 3x3
pile arrangements to be pulled out of the ground previously discussed in Section 3.4. The
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sensors were attached to a Data Acquisition System (DAQ) integrated with a laptop
computer for data display and recording.

Figure 30. Electronic board for recording of test data.
For the single pile test, a threaded rod was used to pull up on the pile as it connected
to the pile cap and the hydraulic jack. The LVDT device was attached to a stationary
reference point and was used to measure the upward movement of the pile. The load cell
was used to measure the load on the pile. The pressure gauge was also used with a
conversion as a check on the load cell.

Figure 31. Setup used to complete pullout load test on a single helical pile.
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Figure 32. Field test setup of a single helical pile pullout load test.
A similar setup was used to load test the pile groups. Instead of attaching the
threaded rod directly to the pile cap, the various pile caps were attached to the custom load
frame. The load frame then either had one threaded rod (pile group of 4) or two threaded
rods (pile group of 9) pulled up through the beam and connected to the load jack. For these
tests, again both a load cell and pressure transducer were used in the test.

Figure 33. Setup used to complete pullout load test on a helical pile group.
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Figure 34. Field test setup of helical pile group pullout load test.
The load cells and the pressure transducer were checked in the laboratory using the
same DAQ system and software. This was done to ensure that the equipment was producing
accurate data. The check of the load cells and pressure transducer can be found below.
Based on these results, it was clear both the load cells and the pressure transducer were
accurate and comparable. However, if the load cells were not in complete contact with the
surface below the load cell then the data was drastically incorrect. It was clear based on the
custom load frame that was created with some leeway based on the variability associated
with field testing resulted in the load cells not being 100% in contact with the surface below
them. Due to this, the load cell measurements were discarded. Since the pressure transducer
readings had no issues in the field and are in agreement with the load cells in the lab, they
were used throughout the study.
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Figure 35. Lab check on load cell and pressure transducer.
3.8 Results
As mentioned above, there were inaccuracies in the load cell measurements of
individual piles within the groups and the pressure transducer value was used to determine
the pullout load of the group. To keep the data uniform across the board, the pressure
transducer reading was used to determine the capacity of the single piles as well. For both
the single and the group tests, the failure was set at 1 inch of movement. For conventional
piles, failure is 10% of the diameter. In various helical piles research papers, failure ranges
as high as 25% of the helical diameter. Originally the field data was investigate with failure
set at 25% of the plate diameter, 1.5 inches, but a number of the test were not brought to
that extent of displacement. To reduce the amount of interpolation, the failure displacement
was dropped to 1 inch form 1.5 inches since the efficiency trends remained the same. On
the site there were four single piles with the location of the helical plate at H/B=12. The
four load-displacement curves can be seen below.
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Figure 36. Load-displacement curve for Pile #1.
9000
8000

Load (lbs)

7000
6000
5000
4000

Field Measurement of Load

3000

Capacity

2000
1000
0
0

0.05

0.1

0.15

0.2

0.25

Normalized Displacement w/D

Figure 37. Load-displacement curve for Pile #20.
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Figure 38. Load-displacement curve for Pile #25.
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Figure 39. Load-displacement curve for Pile #35.
There were three groups of piles tested at a depth of H/B=12. The first was a group
of four piles in a 2x2 square formation with a center-to-center spacing of 2B. The other
two were groups of nine piles in a 3x3 square formation with center-to-center spacing of
2B and 3B. The pressure transducer measured the pullout load for the entire group of piles.
That value was then converted to load using a conversion factor for the load jack. The
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single pile pullout load capacity was then estimated as the measured pullout load divided
by the number of piles in the group. The load-displacement curves for the groups are below.
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Figure 40. Capacity of the 2x2 Group with 2B spacing at H/B=12.
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Figure 41. Capacity of the 3x3 Group with 2B spacing at H/B=12.
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Figure 42. Capacity of the 3x3 Group with 3B spacing at H/B=12.
On the site there was one single pile with an embedment ratio of H/B=18. This test,
on pile 34 was one of the first test completed. At the time, the digital transducer was not
yet attached to the electrical board. The pile was loaded to the capacity of the load cell,
10,000 pounds. The pile was then unloaded to remove the load cell and re-loaded. At that
time the pile was slowly loaded to capacity while the manual gauge on the pressure
transducer was watched. The maximum dial gauge value was recorded and can be seen on
the graph to allow for interpretation of the curve’s progression past 10,000 pounds. Due to
the lack of data points for a single pile capacity on depth of H/B=18, a second phase of
testing was completed. Two of the 9-foot piles that did not hit a rock were removed and reinstalled at locations that would put them in the similar sand layer. Those two pullout load
tests can also be seen below. Based on the collection of data and accepted values, failure
is defined as 1 inch. The 1 inch of displacement is 17% of the plate diameter. The loaddisplacement curves can be seen below.
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Figure 43. Load-displacement curve for Pile #34.
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Figure 44. Load-displacement curve for Pile #36 from Phase 2 of testing.

47

14000
12000

Load (lbs)

10000
8000
Field Measurement of Load

6000

Capacity
4000
2000
0
0

0.05

0.1

0.15

0.2

Normalized Displacement w/D

Figure 45. Load-displacement curve for Pile #37 from Phase 2 of testing.
There were two groups of piles tested at a depth of H/B=18. The first was a group
of four piles in a 2x2 square formation with a center-to-center spacing of 2B. The second
was the same orientation with a spacing of 3B. The pressure transducer measured the
pullout load for the entire group of piles. That value was then converted to load using a
conversion factor for the load jack. The single pile pullout load capacity was then estimated
as the measured pullout load divided by the number of piles in the group. The loaddisplacement curves for the groups are below.
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Figure 46. Capacity of the 2x2 Group with 2B spacing at H/B=18.
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Figure 47. Capacity of the 2x2 Group with 3B spacing at H/B=18.
The summary of the capacities determined by the above load-displacement curves
and failure definition point at 1 inch is seen below.
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Table 2. Capacities of single piles tested.
Pile H/B

Pile Number

Capacity (kN)

12

1

20.0

12

20

33.8

12

25

24.0

12

35

11.8

18

34

57.8

18

36

47.2

18

37

49.8

Table 3. Capacities of pile groups tested.
Pile

Group

H/B

Orientation

12

2x2

12

Spacing

Group Capacity

Estimated Single Pile

(kN)

Capacity (kN)

2B

64.1

16.0

3x3

2B

213.5

23.7

12

3x3

3B

164.6

1.3

18

2x2

2B

137.9

34.5

18

2x2

3B

120.1

30.0

3.9 Efficiency Calculations
The focus of the research was to isolate ideal efficiency factors that could be used
in design for a large scale helical group project. Current recommendations say that spacing
should be 5B are greater since the interactions when piles are spaced closer than 5B are not
well understood. With the capacities of the single control piles known and the capacity of
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a single pile within the groups the efficiencies can be calculated. To calculate the group
efficiency value , the following equation was used:
(19)

𝜂=

where Qg is the uplift capacity of the group, Qs is the average capacity of a single pile in
the same conditions, and N is the number of piles within the group. This group efficiency
serves the purpose of properly designing a group of piles by accounting for interaction
effects within the group.
Table 4. Group efficiency factors observed from field testing.
Pile H/B

Group Orientation Spacing

Efficiency

12

2x2

2B

0.71

12

3x3

2B

1.06

12

3x3

3B

0.82

18

2x2

2B

0.67

18

2x2

3B

0.58

3.10 Discussion of Results
Before discussing the results from the field test, it should be noted that there are a
few experimental variables that should be addressed. While the sand is assumed to be
uniform, there are clearly naturally variability in the sand. Similarly, there were piles that
hit rocks on installation and kicked slightly off their ideal placement. Overall, there were
no environmental factors that had a detrimental effect on the results and thus the trends that
were seen can be discussed.
Previous trends from Mittal and Mukherjee (2013) indicate that no groups
experienced an efficiency of 1.00 or greater. Previous trends in the Ghaly and Hanna (1994)
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show efficiencies below 1.00 for most tests and then efficiencies at or above 1.00 for deep
embedment ratios in dense sand. The theory indicates that the installation of the helical
piles at a pile-to-pile spacing less than 5B, might strengthen the soil in a similar manner to
compaction.
While this paper refers to the two different depth ratios, H/B=12 and H/B=18, the
differences between the two are not due to depth. Both test depths ratios are far within the
range of values that result in a deep localized failure. The H/B=12 depth ratio was targeting
a medium dense soil layer on the site. The H/B=18 depth ratio was targeting a dense soil
layer on the site. This is shown in Figure 24. To better visualize the data shown in Table 4,
the following figure was created.
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Figure 48. Efficiency trends from field testing.
The first conclusion that can be drawn is based on the effect of soil density on the
efficiency. There was a 2x2 group test completed at a spacing of 2B in both the medium
dense and dense sand layers. The test in the medium dense layer experienced an efficiency
of 0.71 while the test in the dense layer experienced an efficiency of 0.67. There is slightly
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less of a group effect in pile groups that are installed in medium dense sand as the piles are
performing at 71% of their capacity while the piles in the dense sand are only performing
at 67% of their measured capacity. However, this difference is very slight and could be due
to various site variability.
The second factor to be looked at is the pile-to-pile spacing. The first comparison
would be between the 3x3 groups in the medium dense sand spaced at 2B and 3B. The 2B
test experienced an efficiency of 1.06 while the 3B test experienced an efficiency of 0.82.
In the medium dense sand, the trend is that the smaller spacing has a higher efficiency. The
second comparison of tests would be between the 2x2 groups in the dense sand spaced at
2B and 3B. The test at a spacing of 2B had an efficiency of 0.67 and the test at 3B spacing
had an efficiency of 0.58. This is indicative that the closer spacing experiences a higher
efficiency. The trend in both the medium dense and dense sands supports that the efficiency
with the pile-to-pile spacing of 2B will produce a higher group efficiency than the spacing
of 3B.
The last factor to be compared would be the group size. Both installed in the
medium dense sand and at a pile-to-pile spacing of 2B, the 2x2 and 3x3 tests are compared.
The 2x2 group experienced an efficiency of 0.71 while the 3x3 group experienced an
efficiency of 1.06. The trend shows that the larger the group the more efficient the piles in
the group behave.
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Figure 49. Field Testing Group Efficiency Results compared to Ghaly and Hanna (1994)
The group efficiency results from the field testing can be compared to the results
seen in laboratory study completed by Ghaly and Hanna (1994). Ghaly and Hanna
conducted a laboratory test that was in uniform sand with relatively controlled parameters,
while the field study had estimated sand properties of a medium dense to dense sand. The
laboratory test was conducted at a small-scale and not in a centrifuge so scale effects are
not completely accurate in the study. The field study conducted in this study was 3 times
larger than that laboratory study. Ghaly and Hanna saw results in the laboratory that helical
pile groups installed to deep embedment ratios in dense sand experienced efficiencies equal
to or greater than one. The trend the lab tests displayed was that an increase in pile spacing
resulted in a decrease in efficiency. The field test conducted in this study displayed the
same trend that an increase in spacing resulted in a decrease in efficiency. However, the
field study only saw efficiencies below 1.
The similarities in the trend, decreasing efficiency with increased pile-to-pile
spacing, can be explained through the installation effects on the piles. When a helical pile
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is installed, the circular rotation of the plate downward through the sand pushes sand
upwards, thus compacting it with certain advancement ratios. This compaction results in a
higher strength than seen during the classification of the soil on the site. This soil flow
during installation can be modeled using discrete element modeling (DEM). Researchers
at the University of Dundee has successfully modeled this using DEM (Sharif et al., 2020).
The Sharif et al. study investigated the effects of advancement ratio. The advancement ratio
is the vertical displacement of one rotation to the height of the pitch of the helix. When the
advancement ratio is below 1 (over-flighting), it was proven that there are benefits to the
tension uplift condition. The advancement ratio below one allows for the reduction in
installation requirements and results in an increase in tensile performance, but a reduction
in compressive capacity (Sharif et al., 2020). The application of this theory suggests that
the closer the piles are installed, the stronger the sand is in the overlapping stress zones due
to an increase in compaction.
The difference in group efficiency could be due to the different scale of the tests.
Ghaly and Hanna (1994) completed a small-scale study at 1g and thus the confining
pressures at the depth of the plate are very low. The field study conducted in this study,
although 1g, was three times larger than the scale test. This increase in scale results in an
increase in confining pressure. The difference in the group efficiencies observed between
the two sets of tests is likely due to the difference in confining pressure. The lower
confining pressure in the Ghaly and Hanna (1994) test likely resulted in an increase in
dilation of the soil. The increase in dilation could have ‘strengthened” the soil, resulting
inn group efficiencies above one.
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CHAPTER 4: PLAXIS MODELING

4.1 Model Setup
To simulate the pull-out loading of a helical anchor, a 3D finite element model was
created in Plaxis 3D. PLAXIS utilizes a Lagrangian method to solve their models. There
are two types of Lagrangian model approaches: Total Lagrangian (TL) and Updated
Lagrangian (UL). In this study, a “wished in place configuration” circular plate anchor with
no pitch was modeled. Due to the symmetrical geometry of the problem being investigated,
a half model of the helical anchor was utilized to expedite the model run time. Plaxis
models the soil mass using 10-node tetrahedral elements. With this type of element, a
second-order interpolation of displacements is provided. The plates used for the anchors
are modeling using 6-node elements. Lastly, the soil-structure interface is modeled using
12-node elements.
The soil was modeled using a linearly elastic, perfectly plastic Mohr-Coulomb
constitutive model for simplicity. The soil surrounding the plate was refined to a finer mesh
than the surrounding soil mass to increasing accuracy of the displacements and forces but
decrease the run time. The total boundary conditions were set from the center of the plate.
In the X and Y directions, the boundary was set at three times the depth of the plate. The
depth was set at sum of the desired plate depth and three times the plate diameter. This can
be seen in Figure 50. At the boundary of the soil mass, the displacements were fixed. This
is the standard baseline for Plaxis 3D.
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Figure 50. Model size setup (Al Hakeem and Aubeny, 2019).
The helical anchor was modeled as a plate. The plate is a rigid body and thus was
modeled as a thick and weightless plate. The unit weight () was set at 0 kN/m3 and the
Poisson’s ratio () at 0.3. The thickness of the skirt was modeled as 10 cm with the modulus
of elasticity (E) set at 200 GPa. The diameter (D) is 1 m.
To simulate the loading of the helical anchor, a prescribed surface displacement
was applied to the plate in the positive z-direction. The displacement is a gradually
increased until the failure criteria of 25% of the plate diameter is reached.
The calculations in Plaxis 3D are completed in phases. The first phase is just the
soil mass with gravity applied and at-rest lateral earth pressure coefficient was employed.
The second phase introduces the helical anchor and the soil-structure interfaces. While the
true installation of such a helical anchor would affect the surrounding soil, a “wished in
place” procedure was used in the model. This means that the installation effects are
neglected and are not modeled. The next step the prescribed displacement. This is the step
where the Updated Lagrangian modeling procedure is utilized to simulate the increasing
deformations the soil experiences. The displacement is gradually increased until the
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displacement is equal to 25% of the diameter; in this case, until the displacement reached
25 cm.
Plaxis 3D offers three solver options. The Pardiso was utilized in this calculation.
Pardiso is a direct solver, meaning the systems of equations is solved in parallel on multicore processors. This is the best and strongest of the three solver options.
The approach of a “wished in place” circular plate was used instead of the entire
helical pile with helical anchor pitch to keep the model simple. With limited studies
completed on this topic, it is easier to begin with a simple model and analyze the models
before moving forward. The finite-element modeling is not aiming to mock the field study.
Rather, the models are trying to isolate trends in the group efficiency based on various field
parameters that could be experienced.
4.2 Finite Element Modeling of Large Deformation: Issues and Solutions
In relation to the modeling uplift behavior of a helical anchor in cohesionless soil
at a deep embedment depth, there are a series of issues with the large deformation and large
stresses that are experienced based on the load condition. Since PLAXIS 3D utilizes the
Updated Lagrangian (UL) method to model large strain situations, the limitations of the
software must be addressed. First, when modeling uplift behavior of helical anchors in sand
finite-element (FE) models tend to overestimate the capacity. To combat this, it is
recommended to use the coulomb friction coefficient as the interface strength. The value
of the interface strength coefficient is equal to:
𝜇 = tan 𝜑′

(20)

where ’u is equal to half of the soil’s internal friction angle, ’. Second, the use of the
Lagrangian FE approach when modeling large deformations can result in a struggle to
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reach failure. Lastly, the Lagrangian approach also fails to consider the changes in the
geometry of the elements as the plate moves upwards. The combined use of Updated
Lagrangian (UL) with a fine mesh in the high stress zone surrounding the anchor help to
mitigate some of the effects. Additionally, with deep helical anchors it is well-known that
the load-displacement curve does not show a distinct failure point. To mitigate this, failure
is often defined at a specific displacement. For the purpose of the study, the failure is
defined at a displacement equal to 25% of the diameter of the plate to compare to the Al
Hakeem and Aubeny (2019) paper on modeling helical anchors. By using the UL modeling,
fine mesh in the high stress zone and reaching the pre-determined failure value the issues
of reaching a true failure in the software are mitigated. While PLAXIS 3D lacks the ability
to properly model the true soil ‘flow’ failure around the anchor, the software is able to
accurately model the displacement, force, stress, strain and other factors that are required
to reach the prescribed displacement.
4.3 Mesh Refinement Study
Within finite-element modeling, it is common to refine the mesh in the high-stress
zone. This allows for a very fine mesh in the area around the plate where the stresses and
displacements will be higher. The rest of the soil mass can then have a much coarser mesh.
This allows for a reduction in computation time while remaining the level on accuracy in
the results seen.
A mesh refinement study was conducted to determine the level at which the high
stress zone should be refined. In PLAXIS 3D, the refinement is entered as a decimal of the
overall refinement. The main soil mass was refined as “medium” and the high stress zone
was investigated at ranges of 0.10 to 1.0. For example, at 0.10 refinement, the high stress
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zone would be 10 times finer that the rest of the soil mass and 0.5 refinement would be 2
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Figure 51. Mesh refinement study: (a) changes in pullout load; and (b) changes in model
run time.
The higher the refinement, the higher the accuracy of the model. The downside is
that the finer the refinement, the longer the model takes to run. The study showed that even
the finest of refinements in the high stress zone, 0.10, had a very reasonable run time. Thus,
the models were run with a refinement of 0.10 in the high stress zone around the plate.
4.4 Model Validation
Due to minimal work on this topic there are few studies for comparison. Al Hakeem
and Aubeny 2019 looked into the breakout factor of vertical uplift in sand. To determine
the validity of the model setup for this study, the output of the PLAXIS models was
compared to the study to ensure the results were within a normal range.
The first validation was based off baseline in Al Hakeem 2019. The properties of
sand were provided as unit weight of 18 kN/m 3, friction angle of 38.5, dilation angle of
7.2, rigidity index of 500 and cohesion of 0.05. The plate had a diameter of 1 m, thicknessdiameter ratio of 0.1 and was weightless and highly rigid. The interface coefficient was
defined as tan 𝜑′ where 𝜑′ = 0.5𝜙′ using the Coulomb friction coefficient. The initial
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K0 value was set at 0.5. The plates were tested a depth-diameter ratios of 4 and 14. The soil
block size was set to the size dictated in Figure 50. These features were used to create
replica models in PLAXIS.
The PLAXIS model ran with a mesh refinement of 0.10 of medium in the area of
the plate was used for the results presented in Figure 52. As the figure shows, the results
Plaxis 3D was outputting are similar to the results of the Abaqus software used in Al
Hakeem and Aubeny (2019).
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Figure 52. Comparison of Al Hakeem and Aubeny (2019) and Plaxis 3D models loaddisplacement curves for shallow and deep embedment.
4.5 Parametric Study
The main factors of interest for this parametric study were soil density, group size,
group spacing and rigidity index. All of the tests were completed with the plates at a depth
of 15 meters. There were two soil densities investigated, targeted a medium dense sand and
a dense sand. The generic properties of the two steps of soil can be seen in the table below.
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Table 5. Soil properties to be investigated.
Property

Medium Dense

Dense

Unit Weight,  (kN/m3)

18

19

Poisson’s ratio, ’

0.3

0.3

Friction angle, ’

38.5

46.7

Dilation angle, 

7.2

14.5

Another factor of interest was the rigidity index of the soil. In the field rigidity
indexes range from 100 to 500. Thus each of the study setups was run at both 100 and at
500 to get an idea of the low end and the high end of the capacities that could be
experienced. The rigidity index determines the Young’s modulus, E, for the soil. The
modulus was determined using the following equation
𝐼 =

(

)

(21)

where IR is the rigidity index, E is the Young’s modulus,  is the Poisson’s ratio, qn’ is the
initial mean effective stress defined as (1+2K0)v0’/3, and ’ is the friction angle.
Table 6. Young’s modulus in kN/m2 of the soil based on the rigidity index.
Rigidity Index

Medium Dense

Dense

100

37,250

52,400

500

186,100

262,100

The remaining factors of interest were the group size and orientation. The first test
would be just a single pile to create a baseline for the capacity of a pile. The groups of
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interest would be a 2x2 and a 3x3, both in a square formation. The groups would be tested
at a center-to-center spacing of 2B, 3B and 5B, where B is the diameter of the helical plate.
4.6 Parametric Study Results
The single anchor failure mode displays localized failure around the plate. This is
the typical assumed failure method for deeply embedded helical anchors. The stress zone
forms around the anchor and does not extruded upwards to the surface of the sand. The
depth-diameter ratio was 15, and thus is significantly past the ratio of 5 where the failure
mechanism transitions form shallow to deep failure mechanisms. In the figures that display
the displacement of the plate, it is clear that a majority of the displacement is upwards. The
FEM in Plaxis 3D does not capture the full ‘flow’ failure in which soil moves out and
around the plate as a helical anchor is loaded in uplift. While it is clear that the soil behavior
is clearly stiffer in the rigidity index of 500, the modes of failure and load-displacement
curves are similar between the two rigidity indices. The displacement bulb in the rigidity
index of 500 was larger than that of the rigidity index 100.

(a)

(b)

Figure 53. Example of single deep helical anchor failure mechanism in Plaxis 3D in
medium dense sand with IR=100: (a) vertical displacement; and (b) total deviatoric
strain.
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(a)

(b)

Figure 54. Example of single deep helical anchor failure mechanism in Plaxis 3D in
medium dense sand with IR=500: (a) vertical displacement; and (b) total deviatoric
strain.
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Figure 55. Example of load-displacement curve for single deep helical anchor in medium
dense sand with IR=100.
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Figure 56. Example of load-displacement curve for single deep helical anchor in medium
dense sand with IR=500.
The capacity of the single piles varied based on the rigidity index and soil density.
The normalized capacities of the single piles can be seen below. The capacities were
normalized by using the following equation
(22)
where Q is the total capacity, A is the area of the plate,  is the unit weight and z is the depth
of the plate.
Table 7. Single deep helical anchor normalized capacities in Plaxis 3D.
Condition

Capacity

Dense, IR=100

25.16

Dense, IR=500

102.75

Medium Dense, IR=100

16.97

Medium Dense, IR=500

57.53

65

The 2x2 groups were tested at three spacing intervals; 2B, 3B and 5B. It is clear in
the failure mechanism that the 2x2 2B group saw were more similar to shallow failure
mechanisms. The group of piles fails as a group rather than as individual piles. While the
individual piles within the group are embedded at 15 feet below the ground surface. The
total widths of the groups are 3 m and 4 m respectively. Thus their embedment ratios would
be 5 and 3.75. This explains the beginning of wedge failure observed in the 2B spacing, as
well as the slight overlap in shear stress zones seen in the 3B spacing in the sands with a
rigidity index of 500. The 5B spacing group is far enough apart to minimize the piles acting
as a group and the failure was local. The figures below display examples of the failure
mechanisms, vertical displacement and total deviatoric shear strain, for the three pile
spacing in both the rigidity index of 100 and 500 sands. In the sands with a rigidity index
of 100, the overlap of stress zones was less and the load-displacement curve does not taper
off. However, in the sands with a rigidity index of 500, the overlap of stress zones was
more significant. Due to the higher stiffness, it was observed that the load-displacement
curves presented a more typical behavior in which the capacity begins to level off.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 57. Example of failure mechanism 2x2 deep helical anchor groups in medium
dense sand with IR=100: (a) vertical displacement with 2B pile spacing; (b) total
deviatoric strain with 2B pile spacing; (c) vertical displacement with 3B pile spacing; (d)
total deviatoric strain with 3B pile spacing; (e) vertical displacement with 5B pile
spacing; and (f) total deviatoric strain with 5B pile spacing.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 58. Example of failure mechanism 2x2 deep helical anchor groups in medium
dense sand with IR=500: (a) vertical displacement with 2B pile spacing; (b) total
deviatoric strain with 2B pile spacing; (c) vertical displacement with 3B pile spacing; (d)
total deviatoric strain with 3B pile spacing; (e) vertical displacement with 5B pile
spacing; and (f) total deviatoric strain with 5B pile spacing.
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Figure 59. Example of a load-displacement curves 2x2 deep helical anchor groups in
medium dense sand with IR=100.
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Figure 60. Example of a load-displacement curves 2x2 deep helical anchor groups in
medium dense sand with IR=500.
The half model of the 2x2 group includes 2 full plates. Thus the capacities observed
were normalized using the area of two whole plates. The normalized capacity of the 2x2
groups can be seen in Table 8 below. The trends displayed in the medium dense sands
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shown above were also seen in the dense sands. The table shows that the normalized
capacity increases with increased pile-to-pile spacing for all four of the soils.
Table 8. Estimated normalized capacity within a 2x2 group.
2B Spacing

3B Spacing

5B Spacing

Dense, IR=100

23

24.6

25.3

Dense, IR=500

60.3

67.0

79.1

Medium Dense, IR=100

16.1

16.9

17.2

Medium Dense, IR=500

42.8

43.8

50.1

The 3x3 groups were tested at three spacing intervals; 2B, 3B and 5B. It is clear in
the failure mechanism that the 3x3 group saw were more similar to shallow failure
mechanisms. The group of piles fails as a group rather than as individual piles. While the
individual piles within the group are embedded at 15 feet below the ground surface. The
total widths of the groups are 5 m and 7 m. Thus their embedment ratios would be 3 and
2.14 respectively. This explains the wedge failure observed in the 2B spaced groups. This
also explains what looks like the beginning of a wedge failure in the group spaced at 3B.
However, the failure mechanisms in the 5B spacing shows that the piles act independently.
The difference in rigidity index, between 100 and 500, showed similar trends in the 3x3
groups as it did in the 2x2 groups. The higher rigidity index resulted in increased overlap
of the shear zones and load-displacement curves that begin to level off with increased
displacement.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 61. Example of failure mechanism 2x2 deep helical anchor groups in medium
dense sand with IR=100: (a) vertical displacement with 2B pile spacing; (b) total
deviatoric strain with 2B pile spacing; (c) vertical displacement with 3B pile spacing; (d)
total deviatoric strain with 3B pile spacing; (e) vertical displacement with 5B pile
spacing; and (f) total deviatoric strain with 5B pile spacing.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 62. Example of failure mechanism 2x2 deep helical anchor groups in medium
dense sand with IR=500: (a) vertical displacement with 2B pile spacing; (b) total
deviatoric strain with 2B pile spacing; (c) vertical displacement with 3B pile spacing; (d)
total deviatoric strain with 3B pile spacing; (e) vertical displacement with 5B pile
spacing; and (f) total deviatoric strain with 5B pile spacing.
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Figure 63. Example of a load-displacement curves 2x2 deep helical anchor groups in
medium dense sand with IR=100.
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Figure 64. Example of a load-displacement curves 2x2 deep helical anchor groups in
medium dense sand with IR=500.
The half model of the 3x3 group includes 3 full plates and 3 half plates, equaling
4.5 total plates. Thus the capacities observed were normalized using the area of 4.5 plates.
The normalized capacity of the 3x3 groups can be seen in Table 9 below. The trends
displayed in the medium dense sands shown above were also seen in the dense sands. The
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table shows that the normalized capacity increases with increased pile-to-pile spacing for
all four of the soils.
Table 9. Estimated normalized capacity within a 3x3 group.
2B Spacing

3B Spacing

5B Spacing

Dense, IR=100

20.7

23.1

25

Dense, IR=500

33.8

43.5

65.0

Medium Dense, IR=100

14.4

16.7

17.1

Medium Dense, IR=500

25.5

31.4

40

4.7 Efficiency Calculations
The normalized capacities allow for the direct comparison between the single deep
helical anchors and the anchors in the group of deep helical anchors. The theoretically
efficiency of each pile in the group can be calculated by the dividing the normalized group
capacity by the normalized single helical anchor capacity. Since each normalized capacity
is divided by the area of the plate(s) in the half models used, the normalized capacities are
directly comparable.
Table 10. Efficiency coefficients observed within the group models run in PLAXIS 3D.
Group Orientation

2x2

2x2

Spacing

Soil Property

Efficiency

Dense, IR=100

0.91

Dense, IR=500

0.59

Medium Dense, IR=100

0.95

Medium Dense, IR=500

0.74

Dense, IR=100

0.98

2B

3B
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2x2

3x3

3x3

3x3

Dense, IR=500

0.65

Medium Dense, IR=100

1.00

Medium Dense, IR=500

0.76

Dense, IR=100

1.01

Dense, IR=500

0.77

Medium Dense, IR=100

1.01

Medium Dense, IR=500

0.87

Dense, IR=100

0.82

Dense, IR=500

0.33

Medium Dense, IR=100

0.85

Medium Dense, IR=500

0.44

Dense, IR=100

0.92

Dense, IR=500

0.42

Medium Dense, IR=100

0.98

Medium Dense, IR=500

0.55

Dense, IR=100

0.99

Dense, IR=500

0.63

Medium Dense, IR=100

1.01

Medium Dense, IR=500

0.70

5B

2B

3B

5B

4.8 Discussion of Results
Before discussing the finite-element (FE) model results, it needs to be addressed
that there are limitations due to the software. The first is that a “wished in place” plate
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configuration was used. This model approach does not account for the known changes that
installation and disturbance that occurs when installing a helical anchor. The pitch of the
plate was not considered at the plate was modeled as horizontal and without a shaft. The
effects of the plate pitch and the shaft resistance were thus neglected for simplicity of this
study. The models were also used running the Updated Lagrangian (UL) approach which
comes with its own limitations. These were addressed using a very fine mesh in the highstress area around the plate and update mesh feature in Plaxis. To visualize the trends seen
in the parametric finite-element study the following figure was created.
1.2
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Figure 65. Efficiency trends based on group size, soil density and rigidity index seen in
Plaxis.
When comparing group tests of similar variables but different soil density, there is
a clear trend that the efficiency is higher in the medium dense soil. For example, one could
compare the 2x2 group with 2B spacing in the dense sand with rigidity index of 100 to 2x2
group with 2B spacing in the medium dense sand with rigidity index of 100. The
efficiencies were 0.91 and 0.95 respectively. Another comparison would be the 2x2 group
with 3B spacing in the dense sand with rigidity index of 500 to 2x2 group with 3B spacing

76

in the medium dense sand with rigidity index of 500, where the efficiencies were 0.65 and
0.76 respectively. The trend throughout all of the like comparisons is that the tests run in
the medium dense are more efficient.
The next feature of interest is the group size. Comparing the 2x2 group with 3B
spacing in the dense sand with rigidity index of 100 to 3x3 group with 3B spacing in the
dense sand with rigidity index of 100. The efficiencies were 0.98 and 0.92 respectively.
Another comparison is the 2x2 group with 2B spacing in the medium dense sand with
rigidity index of 500 to 3x3 group with 2B spacing in the medium dense sand with rigidity
index of 500. The efficiencies were 0.74 and 0.44 respectively Effects of group size display
a trend that the larger the group, the lower the efficiency.
Another effect investigated in this study was pile-to-pile spacing. Looking at the
2x2 groups in dense sand with a rigidity index of 100 at spacing of 2B, 3B and 5B, the
efficiencies are 0.91, 0.98 and 1.01 respectively. Another would be the 3x3 groups in
medium dense sand with a rigidity index of 500 with pile-to-pile spacing of 2B, 3B and
5B. The efficiencies observed were 0.44, 0.55 and 0.70. Comparing all similar tests in the
same manner, the trend seen in the efficiencies is that the larger the spacing, the larger the
efficiency gets.
The last effect investigated in this study was the rigidity index of the soil. To do
this the 2x2 group with 2B spacing in dense sand with a rigidity index of 100 was compared
to the 2x2 group with 2B spacing in dense sand with a rigidity index of 500. The
efficiencies were 0.91 and 0.59, respectively. Another comparison would be the 3x3 group
with 3B spacing in medium dense sand with a rigidity index of 100 was compared to the
3x3 group with 3B spacing in medium dense sand with a rigidity index of 500. The
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respective efficiencies were 0.98 and 0.55. Of all the factors, the rigidity index seems to
have the largest effect on the resulting efficiency. The higher rigidity index results in a
much lower efficiency.
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CHAPTER 5: CONCLUSIONS
The goals of the investigation were to determine group efficiencies for pile spacing
of less than 5 times the diameter of the helix. The study focused on ’deep’ helical anchors
(or circular plates) in drained sand. The objectives were achieved through a combination
of field load testing on helical anchors and finite-element modeling of wished-in-place
circular plates.
Conclusions of this study include:


The field test supports that the group efficiency increases as the pile
spacing becomes smaller. The efficiencies were generally higher in the
3x3 group as compared to the 2x2 group. This suggests that installation of
the piles at close spacing may have actually improved (i.e. densified) the
soil above the helices and thus compensated for the detrimental effects of
the overlapping stress zones from each anchor.



The finite element (FE) study results showed a decrease in efficiency as
the pile spacing becomes smaller. This was likely due to the overlapping
stress zones from each anchor. The efficiencies were generally lower in
the 3x3 group as compared to the 2x2 group. This is because with each
additional pile added to the group there is additional overlapping stress
zones. For example the center pile in the half model of the 3x3 is affected
by three piles immediately next to it and two diagonally from it. The pile
in the 2x2 half model is only affected by the overlapping zone of one pile
immediately next to it. Also, the efficiencies were lower in the soils with
the higher rigidity index. This was because the higher rigidity index results
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in a higher relative density of the soil and higher Young’s modulus of the
soil. The soil is stiffer and when loaded the movement disturbs the
surrounding soil faster since it is already at its density limit and cannot be
compacted further by loading. The increased disturbance and increased
overlapping in shear zones results in a decrease in efficiency of the group.


Although the FE modeling was not conducted on the specific field tests,
opposite trends in the group efficiencies were found between the field tests
and the FE analysis. This suggests that soil disturbance from the helix
during installation may play a large role in the soil-structure interaction
and FE analysis on wished-in-place anchors cannot capture the mechanics.

Future Testing
In terms of field testing, it would be helpful to re-create the tests completed in this
study and place load cells on the different piles within the groups. This would display trends
in the data for the loads experienced by the various piles, such as the center, side or corner
of the group. The placement of the pile matters since it each is effected by a different
number of surrounding piles. With that data, more direct trends based on the level of
disturbance could be determined. One would need to ensure the requirements of the load
cell(s) are met. For example, the ones originally used in this study recommend a steel plate
both above and below the cell to properly distribute the load onto the cell for an accurate
measurement. Additionally, field tests could be designed to test an additional factor not
looked at in this study; vertical distance between helical piles. By separating the helices
vertically from one another in neighboring piles, the overlapping stress zones could be
avoided. Lastly, it would be of interest in future investigations to look into a combined
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loading situation for closely spaced groups to see how the horizontal component will play
a role in the efficiency. This combined loading situation is more likely the loading the
actual foundation will experience and thus it is of interest.
In terms of the parametric field study, it would be of interest to try an increase the
accuracy of the model. The use of the Hardening Soil model instead of the Mohr-Coulomb
model has shown promising results in finite-element model studies with alternative
focuses. It would also be of use to look at the influence of helical pitch, the inclusion of the
shaft in the analysis and modeling installation disturbance. It would be of interest to try
and model similar situations to the field test in the Plaxis software.
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APPENDICIES

Figure 66. Boring log for boring URI-1 (Keefe, 2020).
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Figure 67. CPT results for test SCPT19-02 (Keefe, 2020).
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Figure 68. CPT results for test SCPT19-03 (Keefe, 2020).
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